The hypothesis that the joint effects of predation and cyanobacteria favor the performance of small-bodied cladocerans relative to large-bodied species was tested using three competition experiments in a two-factor full-factorial design. The largebodied Daphnia pulex outcompeted the medium-bodied Simocephalus vetulus when fed a green alga Chlorella pyrenoidosa. However, the presence of the toxic cyanobacterium Microcystis aeruginosa and the coelenterate predator Hydra oligactis reversed the competitive outcome. Their joint effect was significant and contributed to the strongest dominance of S. vetulus. Similar dominance shifts were also observed in the competition between D. pulex and the small-bodied Bosmina longirostris, and in the competition between S. vetulus and B. longirostris. Life table and predation experiments showed that the order of sensitivity of three cladoceran species to Microcystis and to Hydra was the same as the order of competitive superiority in the absence of cyanobacteria. Therefore, cyanobacteria, predation and their joint effects are important drivers for competitive outcomes among cladocerans, potentially creating new opportunities for small-bodied species to dominate in a community. The present study underscores the importance of considering the combined effects of dietary palatability and predation on competitive dominance among herbivores, when predicting zooplankton responses to frequent cyanobacterial blooms.
I N T RO D U C T I O N
Eutrophication and global warming are shifting phytoplankton composition of many aquatic systems toward greater dominance by cyanobacteria (O'Neil et al., 2012; Paerl and Paul, 2012) . Frequent cyanobacterial blooms diminish water quality, endanger public health and have a range of ecological consequences (Paerl and Otten, 2013) . The increasing presence of cyanobacteria in the diets of herbivorous zooplankters usually depresses their feeding, growth, reproduction and even causes massive death (Kirk and Gilbert, 1992; da Costa et al., 2013; Jiang et al., 2013a; Kuster and Von Elert, 2013) . Mechanisms proposed to account for these harmful effects include physical interference (Webster and Peters, 1978; Gliwicz and Siedlar, 1980) , nutritional inadequacy (Martin-Creuzburg et al., 2008) , protease inhibition (Agrawal et al., 2001; Kuster and Von Elert, 2013) and toxicity (DeMott and Moxter, 1991; da Costa et al., 2013) . In the context of exposure to such dangerous diets, zooplankton may develop adaptations (Jiang et al., 2013b) , including selective feeding (RollwagenBollens et al., 2013) , downward migration into deeper waters (Haney and Lampert, 2013) , induced physiological defenses (Gustafsson et al., 2005; Jiang et al., 2013c) and evolutionary resistance (Hairston et al., 1999; Sarnelle and Wilson, 2005; Jiang et al., 2013d) . Although these studies have greatly improved our knowledge, they usually consider a single stressor, cyanobacteria, on zooplankton. Given that cyanobacteria commonly occur with other stressors or ecological drivers, studies on joint effects of these factors would be very useful.
Ecologists have only recently begun to consider interactions between cyanobacteria and other stressors when predicting the ecological consequences of the rapid proliferation of cyanobacterial blooms. The interactive effects of the pesticide carbaryl and cyanobacteria on the life history of Daphnia pulicaria were significantly synergistic and could not be predicted from the individual effects of these stressors (Cerbin et al., 2010) . Sub-lethal concentrations of xenobiotics (PCBs) disrupted the "normal" response of D. longispina to cyanobacteria, causing increased mortality (Bernatowicz and Pijanowska, 2011 ). An exposure to cadmium and cyanobacteria affected the reproductive performance of D. magna in an interactive manner, which varied among clones (de Coninck et al., 2013) . A mixture of two cyanobacterial extracts with dissimilar modes of action (hepatotoxic and neurotoxic) resulted in more severe effects on daphniid feeding than the sum of the effects of single exposures (Freitas et al., 2014) . These studies have contributed greatly to our understanding of the ecological consequences of cyanobacterial blooms, although most experiments have only involved non-interacting populations which may have simplified the influences of cyanobacteria on zooplankton.
Many herbivorous zooplankters share similar ecological niches and compete strongly for food resources (Gilbert, 1988) . Field and laboratory studies indicate that large-bodied zooplankton markedly suppress smallbodied species (Brooks and Dodson, 1965; Goulden and Horning, 1980; Bengtsson, 1987) . The size-efficiency hypothesis states that larger zooplankton feed more efficiently on fine particulate matter than do small planktonic herbivores, and are therefore more successful competitively; however, the presence of predation may eliminate the larger forms, allowing the small zooplankters to become dominant (Brooks and Dodson, 1965 ). The energy reserve hypothesis argues that larger zooplankton have a greater ability to accumulate energy reserves to sustain activity, and that this contributes to the starvation and death of smaller species (Goulden and Horning, 1980) . The r-max hypothesis proposes that species with the highest intrinsic rates of population increase compete most successfully (Bengtsson, 1987) .
Competitive outcomes within a community often vary with changing environmental conditions. Any factors that inhibit large cladocerans to a greater degree than small species should alter zooplankton community structure by favoring small species. Some studies have indicated that some additional ecological drivers can alter competitive relations among zooplankton. Selective predation by fish and invertebrates has been recognized as a major force in structuring zooplankton communities (Brooks and Dodson, 1965; Schwartz and Hebert, 1989) . When D. pulex and Simocephalus vetulus were cultured together, D. pulex invariably outcompeted S. vetulus, but the presence of a predator, Hydra sp., reversed this trend with S. vetulus remaining after D. pulex were eliminated (Schwartz and Hebert, 1989) . In explaining this phenomenon, it was hypothesized that S. vetulus has evolved a suite of energetically expensive traits that deter predation by Hydra, whereas D. pulex does not exhibit these costly traits, and hence invests more energy in reproduction by which they exclude S. vetulus (Schwartz and Hebert, 1989) . Nutrient input in an oligo-mesotrophic lake strengthened the depression on small species by D. pulex because the larger species attained a higher population and subsequently altered the resource base to a greater extent (Vanni, 1986) . Insecticide applications also reversed competitive relationships in zooplankton and altered community structure because the order of sensitivity of zooplankton to insecticides, e.g. carbaryl, was the same as their order of competitive superiority (Hanazato, 1998) .
Cyanobacterial blooms could be another driver that shifts competitive outcomes within zooplankton because blooms are usually accompanied by changes in zooplankton composition, in which small cladocerans, copepods and rotifers dominate and replace larger cladocerans (Fulton and Paerl, 1988; Gilbert, 1990; Kurmayer, 2001; Jiang et al., 2014) . Cyanobacteria inhibit largebodied zooplankton more than small-bodied species for several reasons: a greater physiological sensitivity to cyanotoxins, a greater tendency to ingest more cyanobacteria and a greater susceptibility to mechanical interference from cyanobacterial colonies or filaments (Webster and Peters, 1978; Gliwicz and Siedlar, 1980; Gliwicz and Lampert, 1990; Kirk and Gilbert, 1992) . When predicting ecological consequences of rapid proliferation of cyanobacterial blooms, few studies have considered the combined effects of cyanobacteria and other drivers of ecological change on zooplankton competition. Fey and Cottingham (Fey and Cottingham, 2011) found that the increases in temperature and cyanobacterial blooms altered the competitive outcomes between the native Daphnia pulex and the non-native D. lumholtzi, in favoring of invasion success of exotic species.
Although some information is available in the literature concerning the individual effects of cyanobacteria (Fulton and Paerl, 1988; Kurmayer, 2001; Jiang et al., 2014) or predators (Schwartz and Hebert, 1989) on zooplankton competition, their possible joint effects are unknown. Based on the existing literature, we hypothesize that the joint effects of predation and cyanobacteria would favor the performance of small-bodied cladocerans relative to large-bodied species. In recent decades, the cyanobacterium Microcystis aeruginosa Kützing has formed dense blooms in lakes and rivers throughout eastern China and caused serious environmental problems (Chen et al., 2003) . The three common cladocerans in these freshwater systems are Daphnia pulex Linnaeus, Simocephalus vetulus Müller and Bosmina longirostris Müller, representing, respectively, species with large, medium and small sizes (Chen et al., 2012) . They are central links between phytoplankton and fish or invertebrate predators, and they exhibit first-order effects of M. aeruginosa blooms (Jiang et al., 2013a, d) . The coelenterate Hydra sp. is an efficient predator on zooplankton and occurs widely in most permanent freshwater bodies, particularly in slow-moving water, such as ponds and lakes (Bossert and Galliot, 2012) . This study was conducted to determine the joint effects of Hydra and Microcystis on the competitive relations of two cladoceran species by identifying changes in population abundances in experimental competition systems.
M E T H O D Collection and culture of organisms
The green alga Chlorella pyrenoidosa Chick (FACHB-15) and the microcystin-containing cyanobacterium Microcystis aeruginosa (FACHB-905) were obtained from the Freshwater Algae Culture Collection at the Institute of Hydrobiology (FACHB-collection), the Chinese Academy of Sciences. The cultures were grown at 258C under fluorescent lights at 50 mmol m 22 s 21 on a 12:12 h light:dark cycle. They were incubated in the exponential growth phase with frequent transfers into the BG-11 medium (Stanier et al., 1971) .
The clones of the large-bodied cladoceran Daphnia pulex (2.17 + 0.12 mm), the medium-bodied species Simocephalus vetulus (1.33 + 0.09 mm) and the smallbodied species Bosmina longirostris (0.37 + 0.03 mm) were isolated from Yingtao River within the grounds of East China Normal University. Cladocerans were provided with nutritious C. pyrenoidosa daily at a concentration of 500 mg C L
21
. Animals were incubated at 258C in tanks containing 5 L of dechlorinated mains water in the laboratory at least for 1 month prior to the experiments.
The culture of Hydra oligactis was obtained from Fudan University. They were grown in 5 L tanks with a "standard Hydra medium" comprising 1 mM Tris, 1 mM sodium chloride, 1 mM calcium chloride, 0.1 mM potassium chloride and 0.1 mM magnesium sulfate (Bossert and Galliot, 2012) and fed daily with D. pulex of mixed size classes. The medium was renewed twice weekly by carefully siphoning off half of the medium and pouring new solution slowly down the inside of the tank to minimize disturbance of the organisms.
Competition experiments
To detect significant interactive effects between predation and cyanobacteria on cladoceran competition, three competition experiments were conducted, in which two of the three cladoceran species were randomly combined. A fully randomized two-way factorial design manipulating predator (absence or presence) and cyanobacteria (absence or presence) was used in each of the three pairwise competition experiments. At the start of the experiment, the neonates of two cladoceran species at densities of 20 ind. L 21 were added to beakers to create a competition system and C. pyrenoidosa was provided as food at a concentration of 200 mg C L
21
. Adult H. oligactis without buds was added to the predation treatment at a density of 1 ind. L
. Microcystis aeruginosa was added to the cyanobacterial treatment at a concentration of 500 mg C L 21 (Jiang et al., 2014) . The final volume of the experimental system was 1 L. There were four replicates of each treatment making a total of 16 experimental units. The competition experiments were performed at 25 + 0.58C in a temperature-controlled incubator.
During the experiment, C. pyrenoidosa and M. aeruginosa were added and half the water was changed daily. The condition of the Hydra was checked daily. Hydra did not die during the experiment and did not reproduce due to the low densities of suitable prey. The experimental systems were manually swirled daily to resuspend phytoplankton. The numbers of live zooplankton were counted every 2 days over a 14-day period. When zooplankton population sizes were ,100 ind. L
, they were carefully counted in their entirety under a dissecting microscope; when they were higher, 20-50% subsamples were counted. After counting, the zooplankters were transferred back to the experimental systems.
Life table and feeding experiments
To compare competitive abilities of the three cladoceran species, life table experiments were performed to determine their intrinsic rate of population increase in the absence and presence of cyanobacteria. The intrinsic rate of population increase can be considered as cladoceran fitness under the conditions of no or low predation activities (Lampert and Trubetskova, 1996) . Twenty neonates within 24 h of birth were introduced into a beaker with 500 mL of either C. pyrenoidosa or M. aeruginosa at a 400 mg C L 21 . Half of the medium was renewed daily. Each treatment had three replicates. The numbers of survivors and their newborn offspring were counted daily for 10 days. Intrinsic rate of population increase, r, was calculated iteratively by the Euler -Lotka equation:
where l x is the proportion of survivors at day x, and m x is the number of offspring produced at day x. Three separate feeding experiments were conducted to evaluate the predation pressure of H. oligactis on the three cladoceran species. Adult H. oligactis were starved for 24 h prior to the experiments. A single non-budded H. oligactis and 20 cladoceran neonates within 24 h of birth were added to a beaker with 1 L of dechlorinated mains water. After 24 h, the number of live cladocerans was counted. No cladocerans died in the control containers without H. oligactis. Predation rates were calculated as the change in the number of cladocerans.
Data analyses
A two-way repeated-measures analysis of variance (ANOVA) was performed to test the effects of predation, cyanobacteria and their interactions on population abundance of each cladoceran species since abundance data at successive times were not independent of each other.
The ratio of the two cladoceran species in a competition experiment was calculated by pooling abundance data over all sampling dates to simply compare competitive dominance among treatments (Jiang et al., 2014) . A two-way ANOVA was used to compare the difference in ratios among treatments. When necessary, data were log 10 -transformed prior to statistical analysis to meet ANOVA assumptions of normality and homoscedasticity. A statistically significant interaction term between cyanobacteria and predation in the ANOVA was assumed to indicate the presence of an interactive effect on cladoceran competition. All statistical analyses were performed using Statistical Product and Service Solution (SPSS) 16.0 statistical package.
R E S U LT S Simocephalus vs. Daphnia experiment
Two-way repeated-measures ANOVA indicated the significant interactive effects of Microcystis and Hydra on the population abundance of D. pulex in competition with S. vetulus (Table I) . Although the presence of Microcystis alone significantly depressed abundance of D. pulex, its population still increased slowly over 14 days (Fig. 1) . However, the presence of Hydra caused a serious decline of the D. pulex population, until its extinction (Fig. 1) .
In contrast, the presence of Hydra significantly enhanced the abundance of S. vetulus competing with D. pulex (Fig. 1, Table I ). The presence of Microcystis resulted in an increase of S. vetulus abundance in the absence of Hydra, but a decrease in the presence of Hydra (Fig. 1) . The interaction between Hydra and Microcystis was significant (Table I) . Two-way ANOVA indicated the significant interactive effects of Microcystis and Hydra on the ratio of S. vetulus to D. pulex (Table I) . Compared with the control treatment, the ratio increased by 38.1-fold for Hydra exposure alone, 2.58-fold following Microcystis exposure alone and 52.2-fold in the combined treatment.
Bosmina vs. Daphnia experiment
Two-way repeated-measures ANOVA indicated the significant interactive effects of Microcystis and Hydra on the population abundance of D. pulex in competition with B. longirostris (Table II) . The presence of Microcystis significantly depressed the abundance of D. pulex, but still supported a population increase (Fig. 2) . However, the presence of Hydra depressed the D. pulex population and finally eliminated it (Fig. 2) .
The presence of Hydra did not significantly affect the abundance of B. longirostris over 14 days (Fig. 2, Table II ). The addition of Microcystis in the diet significantly supported its population growth (Fig. 2, Table II ). Their interaction was at the limit of significance (two-way repeated-measure ANOVA, P ¼ 0.07, Table II) . Two-way ANOVA indicated the significant interactive effects of Microcystis and Hydra on the ratio of B. longirostris to D. pulex (Table I) . Compared with the control treatment, the ratio increased by 15.3-fold for Hydra exposure alone, 5.50-fold following Microcystis exposure alone and 66.0-fold in the combined treatment.
Bosmina vs. Simocephalus experiment
Two-way repeated-measures ANOVA indicated the significance for the main effects of Microcystis and Hydra on the population abundance of S. vetulus, but not for their interaction in competition with B. longirostris (Table III) . The presence of both Microcystis and Hydra significantly depressed the abundance of S. vetulus over 14 days (Fig. 3) .
The presence of Hydra significantly enhanced the abundance of B. longirostris in competition with S. vetulus (Table III) , although the increase was slight (Fig. 3) . The presence of Microcystis significantly increased the abundance of B. longirostris (Fig. 3 , Table III ). However, the interaction between Hydra and Microcystis on the abundance of B. longirostris was not significant (Table III) . Two-way ANOVA indicated the significant interactive effects of Microcystis and Hydra on the ratio of B. longirostris to S. vetulus (Table III) . Compared with the control treatment, the ratio increased by 1.51-fold for Hydra exposure alone, 1.33-fold following Microcystis exposure alone and 6.95-fold in the combined treatment.
Life table and feeding experiments
The intrinsic rates of population increase of the three cladoceran species increased with their body sizes when they fed on C. pyrenoidosa (one-way ANOVA, F 2, 8 ¼ 23.368, P ¼ 0.001, Fig. 4 ), although the difference between S. vetulus and D. pulex was not significant (one-way ANOVA with the Tukey post hoc test, P ¼ 0.927). In contrast, their intrinsic rate of population increase significantly decreased in the presence of M. aeruginosa (one-way ANOVA with the Tukey post hoc test, P , 0.05 for all, Fig. 4 ). The predation rates of Hydra on the three cladoceran species increased with their body sizes (one-way ANOVA, F 2, 23 ¼ 19.636, P , 0.001, Fig. 4 ), although the difference between B. longirostris and S. vetulus was not significant (one-way ANOVA with the Tukey post hoc test, P ¼ 0.719).
D I S C U S S I O N
Studies on the harmful effects of cyanobacteria on zooplankton are numerous in the literature, but few of them have investigated joint effects of cyanobacteria with other stressors (Cerbin et al., 2010; Bernatowicz and Pijanowska, 2011; de Coninck et al., 2013) , and few have used interacting populations of zooplankton (Fulton and Paerl, 1988; Kurmayer, 2001; Fey and Cottingham, 2011) . The fitness of the three cladoceran species increased with their body sizes when fed the nutritious green alga C. pyrenoidosa, resulting in a competitive advantage of the large-bodied species over the small-bodied ones. However, when they were fed M. aeruginosa, the competitive outcomes were reversed, favoring the small-bodied species at the expense of the large-bodied ones. Microcystis aeruginosa depressed the large-bodied cladocerans to a greater degree than it did small species since their intrinsic rates of population increase decreased with the body sizes in the presence of M. aeruginosa. Similarly, the presence of Hydra also reversed the competitive outcomes among cladocerans because the order of their sensitivity to Hydra was the same as their order of competitive superiority. Furthermore, the combination of Microcystis and Hydra significantly affected the competitive outcomes and resulted in the strongest dominance of the small-bodied species. These results clearly indicate that small-bodied cladocerans benefited from the presence of Hydra and Microcystis, and that their combination jointly reversed the competitive dominance of largesized species over small ones. The interactive effects of cyanobacteria and predators on zooplankton competition highlight the need to consider the possibility of nonadditive effects between cyanobacteria and other simultaneous factors. The joint effect of Microcystis and Hydra on larger cladocerans is likely due to the enhanced efficiency of predation or the increased sensitivity to cyanobacteria. The success of invertebrate predators relies on the handling of the prey and probability of their encounter (Lampert and Sommer, 2007) . Toxic cyanobacteria can cause the significant reduction in swimming activity of zooplankton and subsequently weaken the ability to make powerful jumps to escape capture, which are likely to be more important for larger species. For example, the copepods Diaptomus birgei exhibited gradual decreases in their swimming speeds with exposure to purified cyanotoxins and abilities to escape capture by a pipette . Capturing D. pulex fed M. aeruginosa may become easier and the handling time may be shorter for Hydra. Furthermore, Rohrlack et al. (Rohrlack et al., 1999) found that the swimming activity of D. galeata decreased and the animals stayed at the bottom of vessels after they were transferred into the suspension containing a toxic strain of M. aeruginosa. Such a behavioral change would enhance the probability of encounter between pelagic cladocera and benthic Hydra. When 500 mg C L 21 M. aeruginosa was added into the experimental system, Hydra was still healthy with elongated tentacles and body. Hydra is carnivorous and does not feed on Microcystis cells that contain high concentrations of intracellular toxins (Bossert and Galliot, 2012) . Extracellular cyanotoxins also weakly affect Hydra (Maršálek and Bláha, 2004) . Thus, cladocerans, especially larger species, would be subjected to higher mortality by Hydra when they are exposed to M. aeruginosa. Another possible explanation for the joint effect is that the exposure to predation might alter the sensitivity of cladocerans to cyanobacteria. There are no reports that predators, such as Hydra, would directly affect zooplankton sensitivity to toxic cyanobacteria in the literature. But, the exposure to predators often induces morphological defenses in zooplankton (Lampert and Sommer, 2007) . These induced defenses are costly for zooplankton and may constrain energy allocation to deal with toxic cyanobacteria. Given that morphological changes due to the presence of predators mainly occur in Daphnia (Lampert and Sommer, 2007) , it could be hypothesized that inducible defenses against Hydra may make large species more sensitive to M. aeruginosa.
Our results also highlight the need to consider competitive interactions when evaluating the harmful effects of cyanobacteria on aquatic herbivores. The direction (increase or decrease) of the population dynamics of the medium-sized S. vetulus grown with the large-bodied D. pulex was different from those grown with the smallbodied B. longirostris. In addition, the magnitudes of population dynamics of either D. pulex or B. longirostris differed depending on which other cladoceran species they competed with. Thus, different competitive systems among cladocerans lead to different outcomes in the responses of individual cladoceran species to the presence of cyanobacteria and predation. If we had studied only the effects of cyanobacteria and predators on non-interacting populations or one competitive system, we would have obtained misleading, at least limited, knowledge on the ecological consequences of cyanobacterial blooms. Therefore, we conclude that responses of zooplankton to the presence of cyanobacteria and predation are shaped by differing conditions of competition, and that these ecological variables operate together to determine the zooplankton community dynamics during a cyanobacterial bloom.
Our results can be considered in the context of the seasonal succession from large-bodied Daphnia to smallbodied Bosmina in eutrophic lakes in summer (Jeppesen et al., 1998; Hansson et al., 2007; Chen et al., 2012) . Peak densities of Bosmina typically occur in summer, coinciding with the presence of Microcystis blooms in lakes and ponds (Hansson et al., 2007; Chen et al., 2012) . Cyanobacteria can shift competitive dominance toward small-bodied species since they depress large-bodied ones more seriously (Fulton and Paerl, 1988; Hansson et al., 2007) . In addition, shifts in the zooplankton community toward small-bodied species have often been explained by size selective predation (Brooks and Dodson, 1965; Schwartz and Hebert, 1989; Jeppesen et al., 1998) . High abundances of fish and invertebrate predators and more predatory activity in summer often contribute to high predation pressure on zooplankton, particularly on largebodied species (Jeppesen et al., 1998) . Our research suggests that the simultaneous presence of both cyanobacteria and predators may contribute to these seasonal patterns. As proposed by Hansson et al. (Hansson et al., 2007) , large unselective zooplankton, such as Daphnia, are "sandwiched" between toxic cyanobacteria and high predation in summer. Moreover, high temperature in summer could greatly alter competitive interactions (Fey and Cottingham, 2011) and be an important driver for the dominance of small-bodied cladocerans (Jiang et al., 2014) . Warmer temperatures contribute to frequent and prolonged cyanobacterial blooms by forming stronger thermal stratification (Paerl and Paul, 2012) and they also enhance cyanotoxin production by toxin-producing strains and shift non-toxic cells to toxic ones (Dziallas and Grossart, 2011) . Thus, the combination of cyanobacteria, predation and high temperature in summer would jointly alter competitive success among cladocerans, favoring small-bodied species at the expense of large-bodied ones.
In summary, the present two-way full factorial competition experiments indicated that the presence of Hydra and Microcystis reversed the competitive dominance from large-bodied cladocerans to small-bodied species and that they should be assessed not only as separate drivers but also in combination. The existence of interactive effects considerably complicates the assessment of the ecological consequences of cyanobacterial blooms. Given that such blooms always occur with other stressors, and that their joint effects usually cannot be predicted by summing up individual effects, further studies that incorporate more ecological variables such as warmer temperature, oxygen limitation, chemical pollution and clonal variations, are necessary. 
